Abstract Biofuel cropping expansion is increasing pressure on food, grazing, and conservation lands. Debate over the efficacy of converting diverse native plant communities to managed monocultures prompted us to explore the extensive crop and ecological site productivity databases maintained by US Department of Agriculture-Natural Resources Conservation Service. We compared annual net primary productivity (ANPP) of diverse native plant communities to ANPP of alfalfa (Medicago sativa L.) in Nebraska, Kansas, and Oklahoma; to coastal bermudagrass (Cynodon dactylon [L.] Pers.) in northern and central Texas; and to buffelgrass (Pennisetum ciliare [L.] Link.) in extreme southern Texas. In only 21% of the 1,238 sites in Nebraska, Kansas, and Oklahoma did native communities produce more or equivalent ANPP compared with managed alfalfa or coastal bermudagrass. In contrast, southern Texas native communities had greater ANPP than did buffelgrass at 81% of the sites. Regression analyses based on these results suggested that managed switchgrass (Panicum virgatum L.) ANPP would consistently exceed native community ANPP. We identified the type of sites that could remain in diverse communities or be converted to diverse communities and have productivity as great as or greater than highly managed monocultures of alfalfa, coastal bermudagrass, or buffelgrass. However, because of the low ANPP on these sites, biomass production may not be the optimal use of such sites. These lands may be better suited to providing other ecosystem services.
Introduction
The US Departments of Agriculture (USDA) and Energy (DOE) estimate that the USA will require one billion megagrams (Mg) of biomass annually to displace 30% of current US petroleum demand with biofuels [1] . This has led to debate over how best to produce the needed plant matter, including determining optimal species, cropping systems, and appropriate land to be used for biofuel production, as well as whether biofuel mandates should exist at all [2] [3] [4] [5] [6] [7] . Central to the debate is the concern that increasing our agricultural footprint through biofuel crops produced with a traditional agricultural approach will take food and conservation lands out of production, negating the goods and services we currently derive from those lands [8, 9] .
Conversion of large acreage in the USA from diverse native plant communities or restored prairie to monoculture grasses or legumes for biofuel production raises concerns about sustainability, including temporal and spatial yield stability over different climatic conditions, net energy efficiency, loss of wildlife habitat, dependence on ecologically and economically costly fertilizer applications, soil erosion, loss of biocontrol and pollinator reservoirs, and disruption of biogeochemical cycles [9] [10] [11] [12] [13] [14] . Globally, conversion of land to agriculture to meet food demand is expected to lead to a loss of one billion hectares (Bha) of ecosystem area and associated services by 2050 [2] . At the same time, land devoted to biofuel production could increase to 1.5 Bha by 2050 [12] .
It is proposed that producing perennial biofuel crops on degraded agricultural land or otherwise "marginal" land will reduce competition with food crops, maintain wildlife habitat, and minimize effects on carbon storage [9, 12, 15] . However, no studies to date test the long-term sustainability of harvesting biomass on such lands. Recent ecological work suggests that low-input, high-diversity (LIHD) systems on degraded prairie and abandoned agricultural land have higher annual aboveground net primary productivity (ANPP) than do unmanaged monocultures grown on the same lands [9, 16] . ANPP is defined as the aboveground component of the net amount of carbon assimilated by a defined area of vegetation over a defined period of time [10] . In the course of this study, ANPP is discussed on an annual basis.
The conclusions reached by LIHD promoters are not robustly supported by other work. Comparisons of ANPP between mixed plant communities and monoculture plant stands differ by site, species, and management [17] [18] [19] [20] . The ANPP of single species systems may be lower than the ANPP of the diverse communities they replace [9, 10, 12] . Other grassland studies show ANPP decreases with increasing diversity [20] [21] [22] . In a meta-analysis of natural grassland ecosystems, no significant effect of species richness was demonstrated on ANPP [19] . Similarly, in a study of restored grasslands in southern Michigan, ANPP was comparable across all prairie sites, independent of species richness or prairie age [20] . In the Great Plains farmlands of the USA, highly irrigated and fertilized crops typically have greater ANPP compared with natural systems on the same soils [23] . Because all land management decisions have cascading impacts on the management of other lands [5, 24] , land managers need some metric to determine which lands are most suitable for conversion to mixed species systems versus monocultures to improve forage, hay, or biofuel yield, while maintaining other ecosystem services.
If all available degraded land in the USA was converted to LIHD, the projected energy yields would supply only 10% of anticipated US energy demand [16] . With current conversion technology and assuming yields of 4 to 4.3 Mg ha -1 [9, 16] , roughly 90 Mha of land would have to be converted to LIHD to replace 20% of current US gasoline consumption with cellulosic ethanol [4] . There are 184 million hectares (Mha) of agricultural land in the USA, with 15.8 Mha "idle" and 27.1 Mha in pasture [1] . To maintain current soil organic carbon levels under a notillage system, approximately 1.7 Mg aboveground biomass ha 1 would have to be left in situ [25] , increasing the necessary land base by 40% to meet both carbon and biomass goals. To give an idea of scale, the area of the state of Texas is 67.8 Mha; an area slightly smaller than two states of Texas managed as LIHD would offset only 20% of current US gasoline demand.
Actually, if ethanol is to be derived from a diverse, species-rich system, the land area requirement may be even greater. When ethanol yield is compared across plant species richness levels, projected ethanol yields decrease by up to 77% m -2 as species richness increases from 3 to 12.8 m -2 [21] . Utilizing enormous tracts of US land as LIHD would potentially displace food production systems to other localities, resulting in degradation of tropical ecosystems, loss of wildlife habitat, increased erosion, and accelerated carbon emissions [3, 15, 26] .
Food and energy demands are increasing, and pressure is mounting to manage lands ever more efficiently to provide these products. As producers and policy analysts evaluate the impacts of land conversion, responsible decisions will depend on accurately identifying sites and soils where managed monoculture ANPP is sufficiently greater than native plant communities ANPP to warrant conversion. From an economic perspective, cropping biofuel feedstocks must bring greater profits to the land manager than do current systems of agriculture or conservation program payments. Economic analyses suggest that 17 Mha of US agricultural lands could be converted from current use (including 6.8 Mha of Conservation Reserve Program [CRP] land) to biomass production to produce 171 million Mg of biomass and greater profits than land managers are currently enjoying [27] .
In this study, our first objective was to compare ANPP of low-input native plant communities to ANPP of managed monocultures of alfalfa (Medicago sativa L.) (Nebraska, Kansas, and Oklahoma, USA) or coastal bermudagrass (Cynodon dactylon [L.] Pers.) (Texas, USA) using data in the USDA-Natural Resources Conservation Service (NRCS) national ecological site database and the corresponding USDA-NRCS "non-irrigated crops" database (Fig. 1 ). Both species are candidates for secondgeneration bioenergy crops [28] . We determined the ANPP at which yields of the monoculture and the diverse native system were comparable. We posit that high-diversity systems yielding at or below this breakeven point should not be converted to alfalfa or coastal bermudagrass for biomass production because conversion to monoculture will lead to comparable or decreased ANPP at these sites and will be deleterious to ecological services (soil retention, carbon storage, wildlife habitat, etc.) currently provided by the grasslands established on these sites.
Our second objective was to fit regressions of mean switchgrass productivity values from multiple year measurements to the USDA-NRCS values for alfalfa (or coastal bermudagrass) and use these regressions to compare ANPP between managed switchgrass monoculture and native plant communities on the same soils in the same counties of these four states. The third objective was to do a similar comparison in the drought-prone region of southern Texas, comparing mean reported buffelgrass (Pennisetum ciliare [L.] Link) ANPP with native plant community ANPP.
Methods

Database, Cropping, and Site Selections
Underutilized resources for interpreting potential biomass production yields are included in the USDA-NRCS national ecological site database and the USDA-NRCS "nonirrigated crops" database, both of which can be accessed online through Web Soil Survey [20, 29] (Appendix 1). These databases are available for a massive number of soils in different counties for a wide range of latitudes, rainfall zones, and soil types. The USDA-NRCS national ecological site description database reports the dominant species, subdominant species, and estimated ANPP for the entire community on a given soil in a given county. Yields are based on well-managed land scenarios, and all vegetation (current year's production of leaves, twigs, and fruit of woody plants, as well as all herbaceous ANPP) is included in the estimate [29] .
The USDA-NRCS unirrigated crops database includes mean annual productivity reported on various soil series within many counties for managed monocultures of common crops and forages relevant to that location, including alfalfa, coastal bermudagrass, and buffelgrass. Data reported are estimated average yields (ANPP) per acre of selected unirrigated crops under intensive agronomic management, which may include managing drainage and erosion, as well as appropriate seeding rates and soil management (tillage, weed control, nutrient input, etc.). Yield averages are based on farmer, conservationist, and extension agent records, as well as field and demonstration trials [29] .
States identified in this analysis have a high potential of experiencing land-use conversion pressures as the US shifts to producing more biomass-based energy. We selected multiple soil series in each of 12 counties in Nebraska, 12 counties in Kansas, 14 counties in Oklahoma, and 21 counties in Texas (Fig. 1) to compare USDA-NRCS reported native plant community ANPP with monoculture alfalfa, coastal bermudagrass, or buffelgrass ANPP [29] . There is an inherent bias in this study due to the comparative nature of the work: because we required that all soil * county sites (henceforth, "sites") have reported values for managed monocultures and native communities. Very low-quality sites with no reported ANPP for dry-land monoculture forage crops (alfalfa, coastal bermudagrass, or buffelgrass) were excluded from these analyses.
In Nebraska, Kansas, and Oklahoma, native communities tended to be dominated by big bluestem (Andropogon gerardii Vitman), little bluestem (Schizachyrium scoparium [Michx.] Nash), and sand bluestem (Andropogon halii Hack. [29] .
The total numbers of sites were 408 in Nebraska, 205 in Kansas, 310 in Oklahoma, and 315 in Texas. In Texas, we examined nine counties for coastal bermudagrass, nine for Fig. 1 Locations where native plant community aboveground ANPP was compared with alfalfa, coastal bermudagrass, or buffelgrass ANPP. Green counties had alfalfa comparisons; purple counties had coastal bermudagrass comparisons; yellow counties had buffelgrass comparisons. Brown counties had both coastal bermudagrass and buffelgrass compared with native mixtures. Native community ANPP was compared with switchgrass ANPP in all counties buffelgrass, and three for both coastal bermudagrass and buffelgrass. Mean annual rainfall ranged from 40 to 82 cm in Nebraska, 44 to 114 cm in Kansas, 78 to 119 cm in Oklahoma, and 64 to 148 cm in Texas (the coastal bermudagrass counties). The 21 southern Texas buffelgrass sites (across 12 counties) mean annual rainfall values were 50 to 85 cm. The lower number of sites for buffelgrass was due to the lower number of sites with reported buffelgrass productivity.
Statistical Approach
The approach for the first analysis was to regress mean ANPP of native plant communities against mean ANPP of alfalfa (or coastal bermudagrass). We then looked to see where each regression line crossed the 1:1 line to estimate where community productivity was as great as or greater than monoculture productivity. Next, mean coastal bermudagrass ANPP was correlated to published mean annual switchgrass ANPP from six locations in Texas [30, 31] . Alfalfa productivity was correlated to published mean annual switchgrass productivity from eight sites in the northern part of the Great Plains [32, 33] that were used in two simulation studies [34, 35] . Correspondingly, one regression was fit for switchgrass productivity as a function of alfalfa productivity. These regressions were used to estimate switchgrass productivity at all the alfalfa sites. The same was done for coastal bermudagrass productivity for the Texas sites. Finally, the reported productivity of the native communities in southern Texas was regressed against productivity of buffelgrass, in order to similarly estimate the productivities of the monoculture and diverse native community, which were similar.
Results
In Nebraska, the regression analysis indicated that ANPP of alfalfa and native communities were comparable when alfalfa produced 3.2 Mg ha -1 (Fig. 2a) . Only 11% of the 408 sites had native community ANPP greater than alfalfa ANPP and 2% had the same ANPP for the native community and alfalfa. Alfalfa productivity exceeded native community productivity at 87% of the sites. The mean native community ANPP was less than mean alfalfa monoculture ANPP by 30%.
In Kansas, the regression analysis showed that alfalfa ANPP exceeded native community ANPP in the range of reported values (Fig. 2b) . Of 205 individual sites, 2% had native ANPP greater than alfalfa ANPP, 14% had the same ANPP for the two, and 84% had greater alfalfa ANPP. The mean native community ANPP was less than mean alfalfa monoculture ANPP by 27%.
In Oklahoma, the regression analysis showed that native community ANPP equaled monoculture alfalfa ANPP when alfalfa produced 3.0 Mg ha -1 (Fig. 2c) . The ANPP on 13% of the 249 sites was greater for native communities than alfalfa monoculture, while 2% had the same productivity for both and 85% of sites had greater ANPP for alfalfa. The mean native community ANPP was less than mean alfalfa monoculture ANPP by 25%. In Texas, where coastal bermudagrass is the predominant monoculture planted for forate and hay, native community yields were more frequently competitive (Fig. 2d) . The regression line indicated that native community ANPP was comparable with coastal bermudagrass ANPP when the latter yielded 4.6 Mg ha -1 . For 42% of 315 sites, ANPP was greater in the native community, while in 58% of sites, coastal bermudagrass had greater ANPP. The overall mean ANPP for the native community was 108% of the mean for coastal bermudagrass.
Switchgrass ANPP showed a linear relationship with ANPP of alfalfa and coastal bermudagrass (Fig. 3) . Regressions indicated switchgrass productivity exceeded both alfalfa and coastal bermudagrass ANPP throughout the range of data. Switchgrass ANPP also exceeded native community ANPP throughout the range of reported yields, as shown by the regressions (Fig. 4a-d) . These findings are in keeping with other studies, which have demonstrated switchgrass to be the species of choice in biofuel cropping systems across most of the USA [27, 36, 37] .
In the more arid regions of extreme southern Texas, native grass-dominated communities were typically much more productive than managed monocultures (Fig. 5) . In 81% of the sites, native community ANPP exceeded ANPP of the predominant monoculture, buffelgrass. The regression indicated that native communities had greater annual productivity at all sites where buffelgrass yielded less than 4.4 Mg ha -1 . Interestingly, the average coastal bermudagrass productivity values (not shown) differed from the average buffelgrass values by only 0.7%. Thus, these divergent results were not due to the monoculture plant species we selected for the region.
Discussion
Single-species systems have been adopted on vast acreages of the USA. It could be concluded that such systems were adopted in preference to mixed native plant communities because of increased productivity. Such single-species systems frequently were established on lands where overgrazing destroyed the original native plant community. Monotypic farming practices are desirable because of ease of planting and managing the system with conventional farm machinery. It is important to compare historically adjusted or "potential" native plant community ANPP with conventionally managed monoculture ANPP to account for the effects of large-scale conversion on potential ANPP of a given location and a given soil series. With the extensive USDA-NRCS databases, we were able to compare potential ANPP of mixed native species communities with conventionally managed monocultures at each site.
There are two caveats to interpreting our data. First, our analysis indicated that managed switchgrass monocultures will usually have greater ANPP than diverse native species communities or other managed monocultures. However, we would caution that one should not extrapolate beyond the range of the switchgrass data for which yields were validated, because the regression line does not account for extreme effects of droughty areas or short seasons outside the range of measured switchgrass production. A second caveat to the interpretation of these results is that different management approaches may have confounded ANPP results. In this analysis, all monotypic systems and native communities were unirrigated; all monotypic crops were managed with site-specific fertilizer inputs to maintain annual productivity levels. However, with an agronomic approach to biomass production, the crop will be actively managed, even if biomass crops are grown from native species and managed with a wildlife habitat emphasis on CRP land [38, 39] .
Proponents of LIHD stress that one of the benefits of LIHD systems is the low requirement for nutrient input in their proposed production systems [9] . It is proposed that native communities comprising LIHD include nitrogenfixing legumes, which may lower required nitrogen fertilizer inputs for yield maintenance [9] . Harvesting biomass in diverse systems may increase legume cover, which may decrease necessary fertilizer additions [40] . Arguments in support of LIHD's low nutrient requirements based on biomass production experiments in which plots were burned may not give a full accounting of carbon and nutrient dynamics in a production system [41, 42] ; burning grasslands can stimulate up to 40% more growth as compared with unburned areas [43] . Even with legumes in the system, human appropriation of biomass necessarily reduces the quantity of biomass involved in ecosystem nutrient dynamics, water dynamics, carbon fluxes, food webs, and other ecosystem services [10] . Future work must address appropriate inputs required to maintain a sustainable harvest system, meeting yield and ecosystem service goals.
It has been proposed that up to 50% of CRP lands could be used for biomass production [1] . CRP lands tend to be fragile, highly erodible land, and often marginally productive, the farming of which can lead to deleterious ecosystem consequences. The 1985 US Farm Bill authorized federal payment to farmers to take these lands out of production agriculture and put them into perennial grass cover under CRP, which has led to improvements in soil quality [43] [44] [45] Fig. 4 Comparison of mean aboveground ANPP of diverse native plant communities with mean-managed switchgrass monoculture ANPP estimated from alfalfa monoculture yields (a-c) or from coastal bermudagrass monoculture yields (d) as reported by USDA-NRCS. Equations used for estimating switchgrass yields are given in Fig. 3 and wildlife habitat [8, 46] . Demand for corn (Zea mays L.) for ethanol has contributed to farmers putting environmentally fragile CRP land back into row-crop corn farms, despite low production potentials of CRP land and greater nutrient losses due to erosion [8] . Converting CRP land to corn ethanol production results in a carbon-debt that is not anticipated to be recovered by ethanol benefits for over 40 years [15, 47] .
An alternative and likely more sustainable use proposed for 6.8 Mha of CRP land is harvesting the established perennial grass communities for biomass production [38] . High yielding perennial grasses such as switchgrass also increase soil carbon sequestration, though appropriate harvest schedules and fertilizer management must be better determined [27, 45] . Work on CRP land suggests that polycultures including switchgrass [21, 48] and switchgrass monocultures can produce sustainable amounts of biomass and supply ecosystem services with little management input while storing comparable amounts of soil carbon [36, 39] . Mean recorded yields on CRP lands are highly variable; ranges include 4. in Northwestern Oklahoma [50] . Appropriately managed cutting times can extend the wildlife habitat services currently provided by CRP lands to perennial grass biofuel lands [46] , but harvesting yields this low for biomass production may not make economic or ecological sense. Annual net primary productivity (ANPP) is only one criterion for comparing monoculture versus polyculture systems in regard to biofuel cropping potentials. It has been noted that ANPP is not synonymous with ethanol yield because yield is contingent upon tissue composition. In fact, Adler et al. (2009) showed that on Northeastern US conservation grasslands, as species richness increased from 3 to 12.8 m -2 , ethanol yields dropped by 14% per unit plant biomass [21] .
Regardless of their potential to meet human demand for cellulosic ethanol, native plant communities have a wide range of other benefits relative to monocultures, such as superior wildlife habitat and preservation of plant species diversity, including endangered plant species. In some cases, abandoned agricultural lands have reverted to diverse natural systems, while others have been placed in the CRP, such that these lands now provide important ecosystem services (carbon storage, nutrient retention, wildlife habitat, soil stability, etc.) that might be negated by conversion to biomass harvest [28] . As our data demonstrate, there are instances where these areas should be excluded from harvest, particularly when yields are very low, so that these goods and services will be preserved.
Sustainability is not synonymous with conservation [8, 16, 51, 52] . Though our results show that managed monocultures typically outyield diverse polycultures, there must be more long-term studies on sustainability of diverse biomass production systems and conservation effects of repeated harvests [6] . Production suitability is not equivalent to suitability. In other words, just because a given site will produce a given amount of biomass which, when appropriately managed, can be harvested repeatedly without a decrease in yield, does not mean that biomass appropriation for cellulosic ethanol production is the best use of that site. It is the opinion of these authors that when considering conversion of low-yielding, fragile lands to biomass production, one should pay particular mind to the effects of biomass harvest on erosion, wildlife, and other ecological services.
Appendix 1
To illustrate how this meta-analysis was conducted, we felt it would be appropriate to demonstrate how data were collected for a representative soil in a representative county. To determine yields on the soils in this AOI, click on the "Soil Data Explorer" tab at the top of the page. The default setting should have the "Suitabilities and Limitations for Use" menu already expanded. From the dropdown list, choose "Vegetative Productivity," which will expand that category. In this example, to find alfalfa yield data, click "Yields of Non-Irrigated Crops (Component)," which will open a drop down box. In this box, choose "Alfalfa hay" as the crop in the "Basic Options" dropdown. Click the "View Rating" button in the corner of the box. This will produce a table titled "Tables-Yields of Non-Irrigated Crops (Component): Alfalfa hay (Tons)-Summary By Map Unit." When alfalfa hay production is reported for a given soil series, the average tonnage is listed in the "Rating" column. At the time of this publication, there was no reported alfalfa hay production for Delwin fine sand with 1% to 3% slopes, so this soil in this county was excluded from our comparative analysis. The next soil on the list reports alfalfa hay yields: the Carey silt loam with 1% to 3% slopes (CaB) averages 2.38 tons of alfalfa acre -1 . To see the native community productivity data reported for CaB in this county, select the "Soils Reports" tab at the top of the page. On the left hand side of the page, click on the "Vegetative Productivity" tab. It will open up a dropdown menu. Choose "Rangeland Productivity and Plant Composition" from the list and click the "View Soil Report" button. This will create a table under the map titled "Report-Rangeland Productivity and Plant Composition" detailing range yields on favorable, normal, and unfavorable years. It also gives information on the ecological site description and dominant plant species. The CaB soils support loamy prairie, and miscellaneous perennial grasses make up 35% of the rangeland plants, followed by little bluestem (15%), sideoats grama (10%), and others.
